Abstract-Here, we describe the characterization of a selfpowered glucose biosensor that is capable of generating electrical power from the biochemical energy stored in glucose to serve as the primary source of power for microelectronic devices. One self-powered glucose biosensor is based on multi-walled carbon nanotubes modified with pyroquinoline quinone glucose dehydrogenase (PQQ-GDH) and laccase at the bioanode and biocathode, respectively, whereas the other employed bilirubin oxidase at the biocathode. The self-power glucose biosensor employing the bilirubin oxidase biocathode operated at physiological condition and produced an enhanced peak power and current densities as compared with the self-powered glucose biosensor comprising of PQQ-GDH bioanode and laccase biocathode. The self-powered glucose biosensor employing bilirubin oxidase produced an average open circuit voltage of 0.480 V and delivered an average short circuit current density of 0.64 mA/cm 2 with a peak power density of 0.089 mW/cm 2 . In addition, this self-powered glucose biosensor exhibited a linear dynamic range of 0.5-35 mM with a sensitivity of 12.221 Hz/mM·cm 2 . The use of bilirubin oxidase as the biocathodic enzyme makes it a viable candidate as a potential power source for in vivo applications.
I. INTRODUCTION Significant research efforts have been made to develop enzymatic-based biofuel cells, which generate bioelectricity via oxidation-reduction (redox) reactions [1] . The most commonly used enzymes are the glucose selective enzymes, glucose oxidase and glucose dehydrogenase and oxygen reducing enzymes, laccase and bilirubin oxidase as the bioanode and biocathode enzymes, respectively [2] [3] [4] [5] [6] . The electrical power produced by enzymatic based glucose biofuel cells can be potentially used to power bioelectronic devices in vivo. As a result, there has been a significant interest in this research field to develop an enzymatic glucose biofuel cell that is capable of generating sufficient electrical power densities. It has been demonstrated that a single enzymatic glucose biofuel cell is incapable of generating satisfactory power densities to drive bioelectronics devices [7] . Enzymatic glucose biofuel cell typically employ laccase as the oxygen reducing enzyme due to its great affinity towards oxygen reduction. However, its optimal operating pH range is limited to 5.5 -6 [8] , which is well below the physiological pH. Since glucose oxidase and glucose dehydrogenase exhibit optimal activity at physiologic pH, the biocathode modified laccase enzyme limits the overall power density of the glucose biofuel cell at physiological pH (7.2 -7.4) . Although the performance of enzymatic glucose biofuel cells has improved [9] , [10] , its optimal operating pH still remains a challenge. In order to implement enzymatic glucose biofuels at physiological pH, the laccase biocathode in the enzymatic glucose biofuel cell would prove to be ineffective, whereas bilirubin oxidase would be ideal and can achieve higher power density due to its operating pH range. Moreover, bilirubin oxidase has been shown to exhibit a great specificity towards oxygen reduction [11] , [12] . Additionally, rather than precluding these enzymatic glucose biofuel cells from further development as an alternative power source, satisfactory power densities have been demonstrated by arranging multiple enzymatic glucose biofuel cells in series to power a watch [7] . However, such an assembly renders the device bulky. Recently, a power amplification circuit has been integrated with a single enzymatic glucose biofuel cell that demonstrates the capability to not only generate satisfactory power density, but can simultaneously sense glucose and power electronic devices [13] . Such an assembly has the potential to replace currently used blood glucose monitors. Glucose monitoring devices are currently limited by the use of potentiostat that must be powered by a battery, which results in an increase in the overall size of the device.
Herein, we present the construction and characterization of a self-powered glucose biosensor using bilirubin oxidasebased biocathode or laccase-based biocathode and pyroquinoline quinone glucose dehydrogenase-based bioanode and a capacitor functioning as a transducer. The enzymatic glucose biofuel cell is employed as the power source and is operated in a single compartment under physiological conditions. The self-powered glucose biosensor eliminates the potentiostat employed in amperometric based glucose monitoring devices and does not rely on the use of batteries. This system is achieved via a single enzymatic glucose biofuel cell and a power amplification circuit. The power amplification circuit allows for the miniaturization of the system. Although it has been demonstrated that the electrical power produced by the biofuel cell assembly can be improved by stacking multiple biofuel cells in series [7] , [14] , it is nearly impossible to troubleshoot the system once it deployed in vivo. The power amplification circuit employed in the development of the 1558-1748 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. self-powered glucose biosensor comprise of a charge pump integrated circuit. The charge pump circuit is constructed from multiple stages of capacitors and switches and the output voltage is governed by the following equation:
where N is the number of stages and V IP represents the input voltage.
II. MATERIALS AND METHODS
Buckypaper composed of compressed dense mesh network of multi-walled carbon nanotubes (MWCNTs) was purchased from NanotechLabs (Yadkinville, NC). 1-Pyrenebtanoic acid, succinimidyl ester (PBSE) was purchased from AnaSpec Inc. Pyroquinoline quinone glucose dehydrogenase (PQQ-GDH: E.C. 1.1.5.2) was purchased from Toyobo Co. Ltd. Bilirubin oxidase, potassium phosphate (monobasic 99 %), calcium chloride, 99.5 % D-(þ)-Glucose, 99.5 % dimethyl sulfoxide (DMSO), 5% wt Nafion®perfluorinated resin solution were purchased from Sigma Aldrich. Ultrapure water (18.2 M cm) from Milli-Q source was used in all the experiments.
The biofuel cell platform was designed and constructed using buckypaper with the overall dimensions of 0.5 cm × 0.5 cm and a final geometric active surface area of 0.04 cm 2 . Tungsten wire was attached to the buckypaper to serve as the electrical lead to the buckypaper substrate. The tungsten wire was fashioned in an 'L' shape to facilitate easy handling of the electrode. Polyimide HD-2611 (HD Microsystems) was applied to the tungsten wire and the top edge of the buckypaper as the passivation material followed by a thin strip of buckypaper such that the tungsten wire was sandwiched between two buckypaper sheets ( Fig. 1) .
Polyimide was also applied to the side edges on both sides of the buckypaper leaving the bottom edge of the buckypaper exposed to provide access to the glucose solution. The samples were subsequently modified with enzymes to realize the bioelectrodes [13] , where PQQ-GDH is immobilized at the anode and laccase at the cathode of the first glucose biofuel cell system and the second glucose biofuel cell system, the laccase enzyme was replaced with bilirubin oxidase since it also demonstrates excellent oxygen reduction at a higher pH than laccase, thus can be used at physiological pH.
The enzymatic glucose biofuel cell assembly consisted of the bioanode modified with PQQ-GDH and biocathode modified with laccase or bilirubin oxidase along with the electrolyte containing glucose analyte. The oxidation of glucose to gluconolactone, along with the release of electrons and protons occur at the anode-electrolyte interface. The electrons and the protons travel through the external circuit and electrolyte, respectively towards the cathode for the reduction of molecular oxygen to water, thereby leading to the generation of electrical current by the system. The two separate enzymatic glucose biofuel cell were characterized at various glucose concentration at 37°C and pH 7 (laccase-based biocathode) or pH 7.4 (bilirubin-based biocathode). The current and voltage readings were measured over a variable load. The glucose biofuel cell was further characterized as a self-powered glucose biosensor after incorporating a capacitor function as the transducing element in the presence of the glucose analyte. Briefly, the completed system was characterized by monitoring the charge/discharge frequency characteristics of the capacitor, which correlated with the concentration levels of the glucose analyte. By monitoring the charge/discharge frequency of the capacitor, the system enabled the simultaneous generation of bioelectricity and sensing of glucose.
A single enzymatic glucose biofuel cell was used as the power source to drive the charge pump circuit as illustrated in Fig. 2 . The capacitor at the output of the charge pump circuit functions as the transducer and was used to monitor the concentration levels of glucose via the charge/discharge frequency.
The input voltage, V i , generated by the biofuel cell was applied to the first stage of the charge pump, where 'ϕ 1 ' and 'ϕ 2 ' are the clock cycles with same amplitude as the input voltage and are complimentary to each other. When ϕ 1 is ON, odd number stages operate and the capacitor 'C 1 ' gradually charges. At this time instant, clock ϕ 2 is in OFF state and the charge accumulates at node 'N1'. When ϕ 2 switches ON, even number stages are active thus, carrying the built up voltage at stage 1 to stage 2. At this time instant, clock signal from ϕ 1 is OFF and the charge accumulates at node 'N 2 '. The alternate clock cycle carries the charge towards the output capacitor which results in the amplified output voltage governed by Equation 1.
III. RESULTS AND DISCUSSION
Buckypaper, a three dimensional (3-D) dense mesh network of MWCNTs was chosen as the electrode substrate material because of its chemical and mechanical stability, highly conductive nature and its ability to provide effective mass transport and an enhanced surface area for enzyme immobilization [14] , [15] . We recently reported that this mesoporous buckypaper substrate produce a higher and stable electrocatalytic current with hemispherical diffusion of glucose and oxygen [13] . In the construction of the enzymatic glucose biofuel cell assembly, polyimide was utilized as the electrical insulation material that enabled the buckypaper to maintain its structural integrity in the aqueous environment. The enzymatic glucose biofuel cell comprising of laccase modified biocathode and PQQ-GDH modified bioanode was characterized at 37°C, pH 7. The current and power densities were calculated using the active geometric surface area of the bioelectrode. Fig. 3 shows the open circuit voltage and short circuit current density produced by this system. The measured maximum open circuit voltage and current density obtained were 0.53 V and 0.344 mA/cm 2 , respectively. This open circuit voltage is reflective of the difference between the redox potential of laccase at the biocathode and the redox potential of PQQ-GDH at the bioanode. This glucose biofuel cell supplied an average peak power density of 0.035 mW/cm 2 in the presence of 20 mM glucose. Upon integrating this glucose biofuel cell with the charge pump circuit and capacitor, the integrated system (self-powered glucose biosensor) response was linear in the range of 0.5 -35 mM glucose with a sensitivity of 10.055 Hz/mM·cm 2 and a linearity coefficient of 0.993 as depicted in Fig. 4 . At the physiological glucose concentration of 5 mM, the open circuit voltage of 0.302 V and a maximum power density of 0.016 mW/cm 2 at a cell voltage of 0.166 V was observed. These results are comparable to biofuel cells that incorporate laccase as the biocathode enzyme [16] . However, as a self-powered glucose biosensor, this system comprising of a laccase biocathode is ineffective to producing significant electrical power at pH 7.4 since the optimal operating pH of laccase is between pH 5.5 -6.
With the aim to illustrate the potential operation of the self-powered glucose biosensor at physiological pH 7.4, an Calibration curves for self-powered glucose biosensor based on laccase biocathode ( ) and self-powered glucose biosensor based on bilirubin oxidase biocathode (•). enzymatic glucose biofuel cell was constructed using bilirubin oxidase modified biocathode. This glucose biofuel cell was characterized in various glucose concentrations at physiological at 37°C, pH 7.4, thereby mimicking physiological conditions. Fig. 5 shows the average open circuit voltage and short circuit current density for the bilirubin oxidase based biocathode system, which were observed to be 0.480 V and 0.640 mA/cm 2 , respectively. The average peak power density obtained was 0.089 mW/cm 2 in the presence of 20 mM glucose. Although the open circuit voltage produced is comparable to the laccase-based biocathode system, the bilirubin oxidase-based biocathode system produced over 3-fold increase in the power density in the presence of 20 mM glucose solution. This increase is attributed to the direct electron transfer achieved between the active center of the enzymes and the current collector and the fact that the pH operating conditions are favorable to both PQQ-GDH and bilirubin oxidase. Additionally, the 0.089 mW/cm 2 generated by this biofuel cell assembly represents a 0.011 mW/cm 2 difference when compared to the 100 mW/cm 2 obtained with a Fig. 6 . Operation stability profile of enzymatic glucose biofuel cell based of PQQ-GDH bioanode and bilirubin oxidase biocathode in various glucose concentrations [3] , [5] , [7] , [10] , [15] , and [20] mM at physiological condition.
biofuel cell assembly consisting of trehalase | glucose oxidase anode and a bilirubin oxidase cathode using Os complexes as electron mediators [17] .
The overall trend from the polarization curves observed in Fig. 5 correlate the electrical power produced with the increase in glucose concentration levels. Moreover, this correlation was observed in both enzymatic glucose biofuel cell platforms and is attributed to the increase in the glucose molecules available for oxidation as the concentration of glucose increases, thereby producing higher electrical power. At physiological conditions (5 mM glucose, pH 7.4 at 37°C), an open circuit voltage of 0.315 V and a maximum peak power density of 0.038 mW/cm 2 at a voltage of 0.189 V was obtained. This represents ∼3-fold increase when compared to the glucose biofuel cell employing laccase modified biocathode. Upon integrating the bilirubin oxidase based biofuel cell to the charge pump circuit and the capacitor to construct the self-powered glucose biosensor, the system exhibited a sensitivity of 12.221 Hz/mM·cm 2 compared to that of 10.055 Hz/mM·cm 2 for the laccase-based biocathode system. This increase in sensitivity can be attributed to an enhanced direct electron transfer between the active sites of the enzymes to the buckypaper at physiological pH 7.4. A linear dynamic range of 0.5 mM to 35 mM was obtained for this selfpowered glucose biosensor as depicted in Fig. 4 . Moreover, both self-powered glucose biosensors have been demonstrated to be able to operate over a wide range of glucose concentrations, covering the hypoglycemic, hyperglycemic and normal glucose states, as it is important for the self-powered glucose biosensor to consistently generate power at various glucose concentrations and simultaneously sense glucose. Although both laccase and bilirubin oxidase enzymes are multi-center copper enzymes, the system with bilirubin oxidase biocathode exhibited better sensitivity towards glucose. This is because of the type II center is active in bilirubin oxidase.
The operational stability of the enzymatic glucose biofuel cell comprising of PQQ-GDH bioanode and bilirubin oxidase biocathode ability to continuous produce electrical power was monitored in various glucose concentration ranging from 3 -20 mM glucose as illustrated in Fig. 6 .
All peak power measurements were obtained after successive 1 h constant load discharge over a period of 53 days. At the end of first week of operation, the lowest peak power density drop of 0.56 % was observed in the presence of 10 mM glucose, whereas the highest peak power drop of 5.25% was observed when operating in 3 mM. The decreasing trend in peak power densities produced by the glucose biofuel cell continued over the 53-day period. At the end of 53 rd day, the overall highest drop in peak power density was observed to be 31.75% in the presence of 3 mM glucose and the overall lowest drop of 21.92% was observed in the presence of 10 mM glucose. The average peak power density drop was observed to 26 ± 5 % at the end of 53 days. The observed power drop was in most cases due to the stability of the immobilized enzymes. However, the immobilized enzymes in this system exhibited an extended stability profile than previously reported enzymatic glucose biofuel cells [16] , [18] .
The selectivity of the self-powered glucose biosensor was further characterized in the presence of various interfering species such as ascorbic acid (AA) and uric acid (UA) along with competing species such as fructose (Fru), maltose (Mal) and galactose (Gal). These interfering species have been demonstrated to often interfere with glucose detection and impact the performance of glucose biosensors [19] [20] [21] [22] . In an effort to improve the performance of enzymatic glucose biofuel cells, various semipermeable membranes have been employed to coat the active regions of the bioelectrodes [23] [24] [25] [26] . The choice of semipermeable membrane is application specific. They not only improve the selectivity of the glucose biosensors but also preserve the enzymes from leeching out thus, improving the life of biofuel cells and biosensors [27] . Semipermeable membranes such as Chitosan, nafion and p-hydroxyethyl methacrylate (p-HEMA) are biocompatible and can be used to improve the performance of the biosensors and biofuel cells in vivo.
To determine the performance of our self-powered glucose biosensor in the presence of interfering analytes at their physiological concentration (≤ 0.42 mM) [19] , two sets of experiments were performed. The first experiment was conducted by observing the charge/discharge frequency of the capacitor when operating in the presence of glucose and glucose plus the interfering analytes at a concentration of 0.2 mM. Fig. 7A . shows the charge/discharge frequency of the capacitor in the presence of 5 mM glucose. The observed frequency was 9 Hz. No significant change in the charge/discharge frequency was observed upon introducing 5 mM glucose plus the respective 0.2 mM interfering analyte, as depicted in Fig. 7A . The second set of experiment focused on monitoring the charge/discharge frequency of the capacitor in the presence of the respective interfering analyte independent of glucose. As shown in Fig. 7B , the interfering analytes resulted in no electrical power generation and hence no charge/discharge frequency was observed. 5 mM glucose was introduced in between each interfering analyte test to show that the system was operational.
As clearly demonstrated, the self-powered glucose biosensor's performance remains unaffected by the introduction of interfering species such as ascorbic acid and uric acid. These interfering species often interfere at a +0.6 to +0.7 V against Ag/AgCl reference electrode [28] . However, the single biofuel cell used to construct the self-powered glucose biosensor is incapable of generating such high voltages necessary to decompose ascorbic acid and uric acid, thereby causing these two non-competing analytes to have no effect on the performance of self-powered glucose biosensor. Additionally, nafion was employed to coat the surface of the bioelectrodes due to its ability to selectively screen against ascorbic acid and uric acid [29] . The competing analytes at their physiological concentration were also found to be ineffective at producing the minimum voltage of 0.25 V required to drive the charge pump circuit, thereby having no effect on the overall performance of the self-powered glucose biosensor. This further ascertains the fact that the aforementioned self-powered glucose biosensor exhibits excellent selectivity towards glucose as a fuel source in addition to exhibiting an operational stability for a period of 53 days. Additionally, reproducibility tests with respect to the introduction of each glucose concentration showed that relatively good coefficients of variation were achieved.
IV. CONCLUSION
Two self-powered glucose biosensor based on an enzymatic glucose biofuel cell, a charge pump circuit and capacitor was constructed through the use of dense mesh network of MWCNTs bioelectrodes. One self-powered glucose biosensor motif employed a laccase-based biocathode catalyst and the other employed a bilirubin oxidase-based while employing PQQ-GDH-based bioanode. The obtained power density was higher for the system employing bilirubin oxidase and represents a promising solution to powering bioelectronics devices. The use of bilirubin oxidase biocathode resulted in a 3-fold increase in performance for a single biofuel cell capable of driving a charge pump circuit and enabling the system to function effectively under physiological conditions (37°C and pH 7.4). Moreover, the system exhibited excellent selectivity in the presence of interfering analytes and high sensitivity towards glucose. The self-powered glucose biosensor that we report remains stable over 53 days of operation. The enzymatic glucose biofuel cell based on bilirubin oxidase biocathode could be utilized as the power source for implanted bioelectronic devices for monitoring health and health related activities. Furthermore, the self-powered glucose biosensor could be optimized to provide opportunities for in vivo applications such as implantable glucose biosensors.
